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ABSTRACT
Wereportanin-depthcomputationalstudyofthepro-
tein sequences and structures of the superfamily of
archaeo-eukaryotic primases (AEPs). This analysis
greatly expands the range of diversity of the AEPs
and reveals the unique active site shared by all mem-
bers of this superfamily. In particular, it is shown that
eukaryotic nucleo-cytoplasmic large DNA viruses,
including poxviruses, asfarviruses, iridoviruses,
phycodnaviruses and the mimivirus, encode AEPs
of a distinct family, which also includes the herpes-
virus primases whose relationship to AEPs has not
been recognized previously. Many eukaryotic gen-
omes, including chordates and plants, encode previ-
ously uncharacterized homologs of these predicted
viral primases, which might be involved in novel DNA
repair pathways. At a deeper level of evolutionary
connections, structural comparisons indicate that
AEPs, the nucleases involved in the initiation of roll-
ing circle replication in plasmids and viruses, and
origin-binding domains of papilloma and polyoma
viruses evolved from a common ancestral protein
that might have been involved in a protein-priming
mechanism of initiation of DNA replication. Con-
textual analysis of multidomain protein architectures
and gene neighborhoods in prokaryotes and viruses
reveals remarkable parallels between AEPs and the
unrelated DnaG-type primases, in particular, tight
associations with the same repertoire of helicases.
These observations point to a functional equivalence
of the two classes of primases, which seem to have
repeatedly displaced each other in various extra-
chromosomal replicons.
INTRODUCTION
In almost all currently known DNA replication systems, the
initiation of replication requires a free hydroxyl group to
which nucleotides are transferred by DNA polymerases for
the synthesis of a new strand (1,2). Several distinct solutions
for this requirement have been described:
(i) All cellular life forms and many DNA viruses, phages
and plasmids use a primase to synthesize a short
RNA primer with a free 30 OH group that is subsequently
elongated by a DNA polymerase (2).
(ii) Theretroelements(includingretroviruses)employatRNA
thatprimesDNAreplicationbyprovidingafree30 OHthat
is used for elongation by the reverse transcriptase (1).
(iii) In adenoviruses and the f29 family of bacteriophages, a
hydroxyl group is provided by the side-chain of an amino
acid of the genome-attached protein (the terminal protein)
towhich nucleotides areadded bythe DNA polymerase to
form a new strand (3).
(iv) In several families of DNA viruses, such as parvoviruses,
geminiviruses, circoviruses, and many phages and
plasmids that adopt a rolling circle replication (RCR)
model, the RCR endonuclease (RCRE) creates a nick in
one of the DNA strands. The 50 end of the nicked strand is
transferred to a tyrosine residue on the nuclease, and the
free30 OHgroupiselongatedbyaDNApolymeraseforthe
new strand synthesis (4,5).
Although all known cellular replication systems utilize an
RNA primer for DNA replication initiation, two structurally
distinct and non-homologous versions of primases catalyze
primer synthesis. In all bacteria, the primase involved in
DNA replication, belongs to the DnaG superfamily and con-
tains a catalytic domain of the TOPRIM fold (6,7). The
TOPRIM fold contains an a/b core with four conserved
strands in a Rossmann-like topology and is also found in
*To whom correspondence should be addressed. Tel: þ1 301 594 2445; Fax: þ1 301 480 9241; Email: aravind@ncbi.nlm.nih.gov
  The Author 2005. Published by Oxford University Press. All rights reserved.
The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
areattributedastheoriginalplaceofpublicationwiththecorrectcitationdetailsgiven;ifanarticleissubsequentlyreproducedordisseminatednotinitsentiretybut
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org
Nucleic Acids Research, 2005, Vol. 33, No. 12 3875–3896
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the OLD-family nucleases and DNA repair proteins related to
RecR (6). In the archaeo-eukaryotic lineage, the principal
primase involved in replication contains a highly derived
version of the RNA recognition motif (RRM) fold (8,9). A
catalyticdomain basedonanRRM-likescaffoldisalsopresent
in viral RNA-dependent RNA polymerases, reverse tran-
scriptases, cyclic nucleotide generating cyclases, and DNA
polymerases of the A/B/Y families that are involved in
DNA replication and repair (9–17). This fundamental dicho-
tomy between the primases in the archaeo-eukaryotic and
bacterial lineages is paralleled in several other components
of DNA replication. In particular, the principal replicative
polymerase and the gap-ﬁlling polymerase are very distinct
and, apparently, non-homologous between the archaeo-
eukaryotes and bacteria. Similarly, the principal replicative
helicases are non-orthologous between these two primary divi-
sions of cellular life. In contrast, several other components of
the DNA replication machinery, such as the DNA ligases,
PCNA, clamp-loader ATPases, Topoisomerase Ia and
RNAse HII, are orthologous between archaeo-eukaryotes
and bacteria (18,19).
Comparative analysis of proteins containing the TOPRIM
domain provides substantial clues as to the early stages of
evolution of this class of proteins. Speciﬁcally, the TOPRIM
domain of DnaG is also found in the archaeal DnaG ortholog,
which is conserved in all archaeal species, and in topoi-
somerase Ia and topoisomerase II, which are present in
both archaea and bacteria (6,20). This suggests that distinct
versions of the TOPRIM domain which were, respectively,
ancestors of the DnaG-type primases and the topoisomerases
were already present in the last universal common ancestor
(LUCA) (6,18). However, given that the archaeal DnaG pro-
teins have been shown to associate with the RNA-degrading
exosome complex (20), it is unclear if the ancestral form of
DnaG in LUCA was involved in RNA metabolism or DNA
replication.
The origin of the archaeo-eukaryotic primase (AEP) super-
family is more obscure. In addition to the archaea, eukaryotes
and baculoviruses, a divergent member of the AEP superfam-
ily was detected in diverse bacteria, where it appears to
function, along with homologs of the Ku protein and ATP-
dependent DNA ligases, in a DNA repair system involved in
non-homologous end-joining (NHEJ) (21–23). The phyletic
proﬁle of the cellular members of the AEP superfamily sug-
gests that it was not represented in LUCA and was recruited
for primer synthesis only at the base of the archaeo-eukaryotic
lineage, with subsequent acquisition by bacteria via horizontal
gene transfer (HGT).
Recently,a novel familyof AEPs called the prim-pol, which
is sporadically present in crenarchaeal and Gram-positive bac-
terial plasmids, has been described (24,25). The prim-pols
catalyze both a DNA polymerase and a primase reaction
(hence the name). They are often fused to Superfamily III
helicases or are encoded by genes in the neighborhood of
those encoding such helicases (24,25). These primases and the
associated helicases have been proposed to form the replica-
tion initiation complex of the respective plasmids (24). Crystal
structures of the prim-pols showed that they shared a structure
and several identically positioned catalytic residues with the
archaeal replicative primase, indicating that the prim-pols
were divergent members of the AEP superfamily (25). The
presenceofbothDNApolymeraseandRNApolymeraseactiv-
itiesintheprim-polssuggestsaprimitivestate,possibly,resem-
bling early, transitional DNA replication systems where the
same enzyme catalyzed both initiation and elongation (24).
Given our long-standing interest in understandingthe nature
of early DNA replication systems, the discovery of the prim-
pols and the report of their crystal structure prompted us to
re-investigate these systems from the standpoint of the origins
of the AEP. With this objective, we performed a comprehens-
ive study of the phyletic distribution and evolutionary afﬁn-
ities of the prim-pols in relation to the other members of the
AEP superfamily and the larger class of nucleic acid poly-
merases and cyclases, which also contain the catalytic palm
domain with an RRM-like fold. Inaddition, we wereinterested
in the provenance of two other non-cellular primases of
uncertain evolutionary afﬁnities, such as, the herpesvirus
UL52 primases and the RepA-like primases of ColE2-like
plasmids (26–29).
In this study, we expand the AEP superfamily to include the
UL52-like primases of herpesviruses, the N-terminal domains
of the D5-like protein of the nucleo-cytoplasmic large DNA
viruses (NCLDV) and phages, the RepA-like primases of the
ColE2 group of plasmid, a previously unknown family of
predicted eukaryotic cellular primases, and several other
primase-helicase proteins from bacteriophages, predicted
transposons and plasmids. Our analysis points to the existence
of at least 13 distinct families in the AEP superfamily. Struc-
tural comparisons show that the RCREs and the DNA replica-
tion origin-binding domains of papovaviruses are the closest
relatives of the AEPs among the RRM-like nucleic acid palm
domains. This suggests that both nucleotidyl transferase and
nuclease activity evolved in the same class of proteins, which
is reminiscent of the evolution of primase and nuclease activ-
ities in the TOPRIM fold (6).
MATERIALS AND METHODS
The non-redundant (NR) database of protein sequences
(National Center for Biotechnology Information, NIH,
Bethesda) was searched using the BLASTP program (30).
Iterative database searches were conducted using the PSI-
BLAST program with either a single sequence or an alignment
used as the query, with the PSSM inclusion expectation (E)
value threshold of 0.01 (unless speciﬁed otherwise); the
searches were iterated until convergence. Hidden Markov
models (HMMs) were built from alignments using the
hmmbuild program and searches carried out using the
hmmsearch program from the HMMer package (31). For all
searches with compositionally biased proteins, the statistical
correction for this bias was employed (32). Identiﬁcation and
statistical evaluation of conserved motifs in multiple protein
sequences were performed using the Gibbs sampling method
as implemented in the MACAW program (33,34). Multiple
alignments were constructed using the T_Coffee, MUSCLE
and PCMA programs, followed by manual correction based on
the PSI-BLAST results (35–37). Similarity-based clustering
of proteins was carried out using the BLASTCLUST pro-
gram (ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html).
All large-scale sequence and structure analysis procedures
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similar to the SEALS package (38).
Protein secondary structure was predicted using a multiple
alignment to generate a HMM and PSSM and using this
information for the Jpred program to produce a ﬁnal structural
prediction with 76% or greater accuracy (39,40). Protein struc-
ture manipulations were performed using the Swiss-PDB
viewer program and the ribbon diagrams were constructed
using the MOLSCRIPT program (41,42). For structural com-
parisons, the DALI/FSSP and VAST programs were used
(43–45). The studies on clustering based DALI Z-scores
have suggested that Z-scores >10 are characteristic of obvious
relationships, such as those between two closely related pro-
teins of the same family. Between Z-scores 10 and 6, typically,
the relationships correspond to more distant relationships that
might be recovered through sequence proﬁle analysis and
searches using HMMs. Z-scores <3 fall in the realm of remote
structural relationships and require additional analysis, such as
comparisons of topologies to make further inference regarding
these relationships (43,44).
Phylogenetic analysis was carried out using the maximum-
likelihood, neighbor-joining and minimum evolution (least
squares) methods (46–48). Gene neighborhoods were identi-
ﬁed by searching the completed genome sequences and whole
genome shot-gun sequences with a custom-written script. The
current list of completed and shot-gun genomes sequences can
be accessed from the genomes division of the Entrez retrieval
system (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=
Genome).
RESULTS AND DISCUSSION
Structural analysis and higher order relationships
of the AEP catalytic domain
Analysis of the crystal structure of the prim-pol module from
Sulfolobus plasmid pRN1 showed that it shares a structural
core with the archaeo-eukaryotic replicative primases (25).
This shared core corresponds to two successive structural
modules. The N-terminal module contains a (ab)2 unit for
which there is no equivalent structure in the PDB database,
while the C-terminal unit contains the previously reported
derived version of the RRM-like fold that is also seen in
the catalytic palm module of other polymerases (Figure 1).
These two units deﬁne the shared catalytic core of the AEP
superfamily and are packed against each other, with the active
sites residues lying in the space between the two units. Thus,
this shared structure includes at least six conserved strands
(two from the N-terminal unit and four from the RRM-like
fold) and four helices (two from each unit). Hereinafter, they
are referred to as strands 1–6 and helices 1–4 (Figure 1) when
the catalytic module of the AEPs is discussed. The RRM-like
unit of the AEPs shows some minor deviations from the proto-
type RRM structure in that helix-4 (equivalent to the second
helix of the prototype RRM-like fold) is completely distorted
to form a strand in the prim-pols, and strand 6 (the fourth
strand of the prototype RRM-like fold) is distorted in some
members of the superfamily to acquire a helical character
(Figure 1). The prim-pols and cellular primases also share a
characteristic extended, ﬂange-like structure after core strand
6 that is perpendicular to the plane of the RRM sheet and leads
into a hairpin, which packs anti-parallel to strand 3 of the
RRM-like unit (Figure 1).
Three motifs, a hhhDhD motif in strand 3, an sxH motif in
strand 5 (where ‘s’ is a small residue) and an h- (‘-’ is an acidic
residue) in strand 6, are shared by both the prim-pols and the
archaeo-eukaryotic cellular primases, and our analysis (see
below) showed that they are strongly conserved across the
entire, extended AEP superfamily (Figure 2). Site-directed
mutagenesis has shown that these residues are essential for
catalysis, with the DxD motif being involved in binding a
magnesium ion (25,49). This suggests that, like in many
other polymerases, Mg
2þ is central for the catalytic activity
of the AEPs. It has been proposed that the AEP superfamily
might be related to the PolX superfamily (50), which includes
nucleotidyl transferases, such as terminal transferase, Poly(A)
polymerase and tRNA CCA-adding enzymes (51). However, a
comparison of the available structures of the AEP and PolX
superfamilies shows that the PolX superfamily contains a fold
unrelated to the RRM-like fold, even though the two super-
families possess similar sets of acidic metal-chelating resi-
dues. Furthermore, the overall arrangement of the catalytic
residues in the AEPs shows certain differences from that
seen in other polymerases, which possess similar metal-
chelating motifs. Speciﬁcally, in the AEPs, the ﬁrst aspartate
of the DxD motif, the histidine residue in strand 5 and the
conserved aspartate in strand 6 are positioned at the same
level, within hydrogen-bonding distance, in the central sheet
of the RRM (Figure 1). This arrangement of a central residue,
which is ﬂanked by an acidic and a basic residue,and its strong
conservation in all catalytically active members of the AEP
superfamily, suggests that during catalysis there is an interac-
tion between these residues. No equivalent of the second
highly conserved acidic residue from strand 6 is seen in any
of the other polymerases that utilize the canonical di-metal
mechanism. This might imply a deviation from the typical
di-metal-ion-based nucleotidyltransferase reaction proposed
for several DNA and RNA polymerases (52). Experiments
have also suggested that residues in the ﬂange are involved
in nucleotide-binding in the archaeal primases (50). However,
there are no conserved residues in the ﬂange, so these asso-
ciations with the nucleotides might be lineage-speciﬁc.
To investigate the higher order relationships of the prim-
pols and the AEPs, we searched the PDB database for similar
structures using the DALI program with the AEP (PDB ID:
1g71) as query. This search recovered several hits with sig-
niﬁcant Z-scores suggesting a genuine structural relationship.
The best hits included the prim-pols (Z-score: 5.2), the
N-terminal endonuclease domain (of the RCR superfamily)
of the Rep protein of adeno-associated virus (AAV) (PDB ID:
1m55, Z-score: 4.1) and, with a less signiﬁcant Z-score, the
origin-binding domain (OBD) of the SV40 T-antigen (PDB
ID: 2tbd, Z-score: 3.5). Further DALI searches with the OBD
of the SV40 T-antigen retrieved the OBD of the E1 protein of
the papillomaviruses (PDB ID: 1f08, Z-score: 7.6) and the
RCR nuclease domain of the geminivirus replication initiation
protein (PDB ID: 1l2m, Z-score: 5.5). Reciprocal DALI
searches with each of these structures consistently recovered
a similar group of proteins as best-hits with comparable Z-
scores. A comparison of the common structural unit shared by
the members of the AEP superfamily, the RCREs and the
OBDs of papavoviruses showed, not unexpectedly, that it
Nucleic Acids Research, 2005, Vol. 33, No. 12 3877Figure 1. Topologydiagramsandstructuresof AEP-type primasesandrelatedproteins.Strandsareshownasarrowswiththearrowheadon theC-terminalsideand
numbered1 through4 or6, respectively, accordingto the conventionsused in the text.Helices are shownasgreenrectangles,non-conserved elementsin faintgray.
Purplearrowheadsmarktheprotein’sC-terminus.Thelocationofcatalyticallyimportantresiduesisindicatedbycoloredcircles(green—histidine,red—acidic,the
yellowcirclerepresentsatyrosineresiduethatbecomescovalentlyattachedtothe50 phosphateofacleavedDNAstrandinRCRE).Thetopologydiagramatthetopof
thefigureisanidealizationandisnotderivedfromanactualstructure.ItshowsthepositionsoftheZn-clustersfoundinvariousmembersoftheAEPsuperfamilyas
discussedinthetext.TheN-terminal(ab)2unitsofprimaseandprimpol(ingraybox)packagainstthebetasheetofthepalmfoldbuttheyaredrawnhereasa‘slide-
out’ for clarity of presentation. The structures of selected AEP-type primases are shown in the right hand panel. They are in the same orientation as the topology
diagramswiththeflangestrandrunningabovetheplaneofthebetasheet.ThebottompanelshowstopologydiagramsofpalmdomainproteinsfromoutsidetheAEP
primase group for comparison purposes. The structural and topology diagrams were derived from the following PDB IDs: 1V33, 1G71 (8), 1RNI (25), 1M55 (59),
1F08 (54), 1QUV (92), 1MML (93), 1TGO (94), 1TAQ (95) and 1FX2 (96).
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core, these proteins also shared some unique features,
such as, the extended ﬂange that runs perpendicular to the
direction of the sheet of the RRM-like fold and a downstream
strand that packs anti-parallel to the second strand of the
RRM-like core (Figure 1). To assess the signiﬁcance of this
distinct shared structural feature, we systematically surveyed
all proteins with an RRM-like fold in the PDB database (see
ferredoxin fold in the SCOP database, http://scop.mrc-lmb.
cam.ac.uk/scop/). The C-terminal ﬂange is typically not
encountered in other RRM-like fold proteins, with the poten-
tial exception of the C-terminal extensions observed in the
RRM-like folds of polypyrimidine-tract-binding protein
(PTB) (53) and the C-terminal domain of the eukaryotic
EF-1g (EF-1gC). PTB is a member of the classic
RNA-binding RRM (RBD) superfamily, and the region cor-
responding to the C-terminal extension is missing in several
closely related RBD proteins, such as sex-lethal, HnRNPA1
and splicing factor U1A. Examination of this region in the
PTBs suggests that the C-terminal extension resembling the
ﬂange and the downstream strand is derived from a poorly
conserved low-complexity region in the C-terminus. Thus, this
feature of the PTB structure probably emerged late in the
evolution of the RBD superfamily, and its speciﬁc similarity
to the AEPs, RCREs and OBDs is, most likely, coincidental.
The restricted phyletic proﬁle of the eukaryote-speciﬁc trans-
lation factor eEF-1gC and the lack of a close relationship in
sequence or structure to any other members of the RRM-like
fold make it hard to assess the possibility of its speciﬁc rela-
tionship with the AEPs, RCREs and OBDs.
In addition to the shared structural features, the AEPs,
RCREs and OBDs also have obvious commonfunctional char-
acteristics: members of each of these families are principally
involved in DNA replication initiation, albeit in three distinct
fashions (54,55). Speciﬁcally, the OBDs of the papilloma and
polyomaviruses bindtheoriginofDNAreplicationandrecruit
additional viral and host components to initiate replication
(54,55). Similarly, the RCREs introduce a nick at the origin
of replication, following which the 50 end of the nicked strand
is transferred to a tyrosine on the protein and the free 30 OH
group is elongated by other components of the DNA replica-
tion apparatus (4,5). Finally, the AEPs are bona ﬁde poly-
merases involved in the RNA primer synthesis. Hence, we
propose that the common structural feature of the RCREs,
the OBDs of polyoma and papillomaviruses, and the AEP
superfamily is a shared derived character (synapomorphy)
that separates them from other polymerases and cyclases
with a similar RRM-like scaffold. Together with the above
results of structural comparisons, this leads us to conclude that
these three protein families evolved from a common ancestral
protein that was already involved in initiation of DNA rep-
lication. The OBDs and the RCREs have a helix after the
ﬂange that leads into the C-terminal strand, whereas the pri-
mases and prim-pols have an additional strand that forms a
hairpin with this C-terminal strand (Figure 1). This suggests
that the OBDs are more closely related to or derived from the
RCREs (Figure 3). While several structural studies have noted
similarities and proposed a monophyletic origin for the
polyoma-, papilloma- viral and OBDs and the geminiviral
RCREs, the relationship of these to the AEP superfamily
(53,56), to our knowledge, has not been elucidated to date.
AstructuralalignmentoftheAEPs andtheRCREsindicates
that, in these two families, a conserved catalytic histidine
located in the third strand of the RRM-like unit is congruently
positioned (Figure 1). However, the histidine of the RCREs is
directly involved in coordinating a magnesium or zinc ion,
whereas the histidine of the AEPs interacts with a conserved
aspartate that is involved in coordinating the catalytic divalent
magnesium ion (25,56,57). The RCREs additionally have
another N-terminal histidine in the third strand, forming the
characteristic HXH motif, and a conserved tyrosine down-
stream of the ﬂange (5,53) (Figure 1). In contrast, the primases
have the distinct DxD motif in the ﬁrst strand of the RRM-like
unit and a conserved aspartate in the fourth strand (Figure 1).
Thus, it appears that the RCREs and the AEPs evolved from a
common ancestor that acted on DNA, with at least one shared
active site residue retained in both families. Subsequently,
each family acquired a speciﬁc constellation of functionally
important residues, which was differentially ﬁne-tuned for
their distinctive metal ion afﬁnities and activities. While the
details of the residues involved in DNA-binding differ in the
AEPs, RCREs and OBDs, the general shape of the surface of
the molecule that contacts DNA appears to be conserved
(25,54,58,59). Thus, the divergence of these three families
from an ancestral DNA-binding RRM-like unit apparently was
accompanied by speciﬁc innovations in the DNA-binding
motifs, whereas the ancestral binding surface remained intact.
Besidestheprimases,thecatalyticdomainsofthepalm-type
RRM fold are characteristic of the A, B and Y (DinB) families
of DNA polymerases, certain novel predicted DNA poly-
merases of archaea and bacteria (the MJ1672-like proteins),
phage DNA-dependent-RNA polymerases, RNA-dependent
RNA polymerases of RNA viruses, reverse transcriptases
and nucleotide cyclases (9–15). All these proteins seem to
share a catalytic mechanism of di-metal-ion-mediated nucle-
otide transfer, whereby two acidic residues located at the end
of the ﬁrst strand and between the second and third strands of
the RRM-like unit, respectively, chelate two divalent cations
(Figure 1). The position of the divalent metal and at least one
of the acidic residues that in the ﬁrst strand of the RRM-like
unit (the second aspartate in the DxD motif of AEPs), which
is involved in coordinating the Mg
2þ, is almost identical
between the AEPs and the catalytic palm module of the
other polymerases and cyclases (9) (Figure 1). This suggests
that the catalytic domain of the AEPs and the palm domain of
thepolymerasesandcyclaseshaveacommonorigin(Figure3).
Extrapolating fromthe activities ofthe membersof thisassem-
blage, it seems plausible that their common ancestor had at
least a rudimentary nucleic acid polymerase activity which
required an aspartate and a metal ion. In view of this conclu-
sion, the monophyletic relationship between the AEPs, the
RCREs and the non-catalytic OBDs (see above) seems some-
what paradoxical, given the lack of polymerase activity in the
latter two groups of proteins. The simplest scenario reconcil-
ing these ﬁndings is that the RCREs and the OBDs were
derived from a common ancestor with the AEPs, which was
a polymerase, with the RCREs evolving the nuclease activity
to displace the polymerase one and the OBDs losing the cata-
lytic activity altogether. Alternatively, it cannot be ruled out
that the common ancestor of the AEP-RCR-OBD assemblage
and the palm-domain polymerases was merely a nucleic-acid-
binding protein which used the conserved acidic residue to
Nucleic Acids Research, 2005, Vol. 33, No. 12 3879coordinate a divalent cation to aid in nucleic-acid-binding.
Polymerase activity, then, would have been independently
acquired in multiple descendent lineages, while the ancestral
RCRE acquired nuclease activity.
Sequence analysis and detection of novel members
of the AEP superfamily
Prior to the present study, the AEP superfamily included the
replicative primases from archaea, eukaryotes and baculo-
viruses, the ligase- and Ku-associated DNA repair primases
of several bacteria and the prim-pols (21,22,25). We were
interestedinthephyletic diversityoftheprim-pol-like proteins
and in detecting putative new, perhaps, divergent members
of the AEP superfamily. For this purpose, we performed
PSI-BLAST searches using as starting points several known
primases and prim-pol proteins; the searches were iterated to
convergence. Potential new members of the AEP superfamily
that were detected in these searches with statistically signiﬁc-
ant E-values were used as starting points for transitive PSI-
BLAST searches. Other proteins that had a DxD and sxb
(b:basic, H/K/R) motif, similar to those in the primases, but
were recovered with borderline E-values (E   0.05), were also
further examined in transitive searches to assess the conser-
vation of these motifs in their orthologs. In these cases, the
relationship to the primases was also further evaluated using
the Gibbs sampling algorithm for motif detection. For
example, iterative searches with the Nanoarchaeum equitans
primase NEQ395 (gi: 41615183) retrieved, in addition to
previously known AEP superfamily members, the recently
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fromthe Bacilluscereusphage phBC6A51(ﬁrstpass, E-value:
3 · 10
 3), a primase fused to a reverse transcriptase in
Bdellovibrio, Bd2680 (Iteration 2, E-value: 3 · 10
 4) and a
primase from Bacteriophage RM 378 (Rm378p005, Iteration
6, E-value: 4 · 10
 3). A PSI-BLAST search with the Sulfo-
lobus pRN1 prim-pol domain (gi: 42543570) as the query
retrieved, at signiﬁcant E-values, AEP domains in proteins
from Ferroplasma, the RepE/S proteins from Gram-positive
bacteria, and uncharacterized proteins from a wide range of
bacteria and phages, including Low-GC Gram-positive
bacteria, actinomycetes, Thermus, Deinococcus, cyanobac-
teria and a few proteobacteria (Iterations 2–7, E-values:
10
 6–10
 44). In many of these proteins, the AEP module
was fused to a D5-like Superfamily-III (SFIII) helicase. Trans-
itive searches conducted with the Anabaena protein
Avar03005527 containing the AEP module (gi: 45506180),
which was detected in the above searches, retrieved the
MIMI_L207 protein of the Mimivirus in the ﬁrst pass of
the BLAST search (E-value:  10
 4) and the N-terminal
domains of D5 helicase proteins from Iridoviruses and African
Swine fever virus, and the Tb927.1.4010 protein from Tryp-
anosoma brucei in the second and third iterations (E-value:
 10
 4–10
 11). In further iterations of this search, hits to pro-
teins from the vertebrate iridoviruses (Frog Virus 3 D5, Itera-
tion 3, E-value: 10
 20) were also obtained. The alignments
produced in these searches encompassed regions highly con-
served within the AEP domain, including the sxH motif.
Further transitive searches seeded with the N-terminal
domain of the D5 protein of iridoviruses, which was found
to be homologous to the AEP catalytic module, recovered the
Paramecium bursaria Chlorella Virus (PBCV) A468R-like
proteins from phycodnaviruses. In turn, PSI-BLAST searches
with the PBCV A468R retrieved the N-terminal region of the
D5-like proteinsfrompoxviruses,the UL9helicase-containing
protein from ASFV and mimivirus, at least two other proteins
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(e.g. human FLJ33167), ORF7 and ORF49 from the Ostreid
herpesvirus, and ORF63 from the Ictalurid herpesvirus. All
these proteins share the DxD and the sxH motif characteristic
of the AEP superfamily. Notably, searches initiated with the
N-terminal regions of ORF7 and ORF49 of Ostreid herpes-
virus also retrieved the primases of vertebrate herspesviruses
with borderline E-value. A closer inspection showed that
herpesvirus primases contained well-conserved equivalents
of the DxD motif and the sxH motif, although the histidine
was replaced with an arginine in most of these proteins. The
ColE2 Rep primases were also recovered by similar transitive
searches. A motif search using the Gibbs sampling algorithm
detected two statistically signiﬁcant 7 amino acid motifs
(P 6 10
 9) in the N-terminal regions of the D5 proteins of
the NCLDV, the herpesviruses primases, AEPs, prim-pols and
the ColE2 Repproteins. These motifs corresponded to a region
encompassing strand 3 with the DxD signature (the ﬁrst strand
of the RRM-like unit) and another region corresponding to
strand 5 with the sxH signature. In an independent procedure,
we constructed a seed alignment of the AEP modules from the
proteins detected in our initial searches and derived an HMM
from it. This HMM was used to progressively search the viral
and cellular proteomes to detect potential new members of the
superfamily. All proteins with statistically signiﬁcant similar-
itytotheHMMwere then added tothe alignment,anew HMM
was constructed and the search resumed. Using this procedure,
we recovered nearly the same groupofproteinsasrecovered in
the PSI-BLAST searches, thereby supporting the validity of
the detected relationships.
To further investigate these relationships, we used
similarity-based single-linkage clustering (the BLASTCLUST
program) to classify the known and newly detected members
of the AEP superfamily. Multiple alignments were constructed
for each of the identiﬁed groups using the T-coffee program. A
nearly complete congruence was seen in the arrangement of
the predicted secondary structure elements and catalytic resi-
dues in all groups. Taken together, these observations indicate
that the N-terminal domain of the D5-like proteins of poxvir-
uses, ASFV, iridoviruses and the mimivirus, the A468R-like
proteins of phycodnaviruses, the herpesvirus primases, the
eukaryotic homologs of these viral proteins and the plasmid
ColE2 Rep proteins were novel members of the AEP super-
family. The individually aligned clusters were further uniﬁed
into a super-alignment using as anchors the conserved motifs
and secondary structure elements derived from the structural
alignment of the prim-pol and primases. The alignment was
further reﬁned using the GIBBS sampling search and the PSI-
BLAST search results. All members of the extended AEP
superfamily contained the structural core consisting of the
N-terminal (ab)2 unit and the RRM-like unit and bearing
the active site residues (see above), with the characteristic
Figure 2. Multiple sequence alignment of the AEP superfamily. Proteins are designated by their gene names, species abbreviations and GenBank IDs separated by
underscores.Columnsofaminoacidsarecoloredbasedontheirsidechainpropertiesandconservationinthealignment;70%conservationwasusedtocalculatethe
consensus. Poorly conserved, large inserts are replaced by the corresponding number of residues. The secondary structure shown above the alignment was derived
fromthecrystalstructuresofthearchaealprimase(PDBID:1g71)andtheprimpolprotein(PDBID:1rni).StrandsandhelicesaredenotedabovethealignmentbyE
and H, respectively. The coloring scheme and consensus abbreviations are as follows: h, hydrophobic residues (ACFILMVWY), shaded yellow; b, big residues
(LIYERFQKMW), shaded gray; s, small residues (AGSVCDN) and u, tiny residues (GAS), colored green; p, polar residues (STEDKRNQHC); þ, basic residues
(HRK) and -, acidic residues (DE), colored magenta. Species abbreviations are as follows: AMV: Amsacta moorei entomopoxvirus; APMV: Acanthamoeba
polyphaga mimivirus; ASFV: African swine fever virus; Aamb: Acidianus ambivalens; AcNPV: Autographa californica nucleopolyhedrovirus; Aful: Archae-
oglobus fulgidus; Amel: Apis mellifera; Ana: Nostoc sp.; Aper: Aeropyrum pernix; AsGV: Agrotis segetum granulovirus; Atha: Arabidopsis thaliana; Avar:
Anabaena variabilis; BHV4: Bovine herpesvirus 4; BP315.5: Streptococcus pyogenes phage 315.5; BPA2: Lactobacillus casei bacteriophage A2; BPAPSE-1:
Acyrthosiphon pisum bacteriophage APSE-1; BPAT3: Bacteriophage phi AT3; BPBCJA1c: Bacillus clarkii bacteriophage BCJA1c; BPBIP-1: Bordetella phage
BIP-1; BPBcep1: Burkholderia cenocepacia phage Bcep1; BPBcepC6B: Burkholderia cepacia complex phage BcepC6B; BPBcepNazgul: Burkholderia cepacia
phageBcepNazgul;BPN15:BacteriophageN15;BPP4:BacteriophageP4;BPSA:BacteriophagePSA;BPSFi18:StreptococcusthermophilusbacteriophageSFi18;
BPSfi11: Streptococcus thermophilus bacteriophage Sfi11; BPSfi21: Streptococcus thermophilus bacteriophage Sfi21; BPTM4: Mycobacteriophage TM4;
BPVP16T: Vibrio parahaemolyticus phage VP16T; BPVP2: Vibriophage VP2; BPadh: Lactobacillus bacteriophage phi adh; BPmi7-9: Lactococcus phage
mi7-9; BPphi-BT1: Bacteriophage phi-BT1; BPphi-R73: Bacteriophage phi-R73; BPphi105: Bacteriophage phi-105; BPphi31: Lactococcus bacteriophage
phi31; BPphiHSIC: Listonella pelagia phage phiHSIC; BPphig1e: Bacteriophage phig1e; Bbac: Bdellovibrio bacteriovorus; Bbro: Bordetella bronchiseptica;
Bcep:Burkholderiacepacia;Bcer:Bacilluscereus;Bfra:Bacteroidesfragilis;Bjap:Bradyrhizobiumjaponicum;Blic:Bacilluslicheniformis;Blin:Brevibacterium
linens; Bpse: Burkholderia pseudomallei; Bthe: Bacteroides thetaiotaomicron; Bthu: Bacillus thuringiensis; CIV: Chilo iridescent virus; CaHV: Callitrichine
herpesvirus 3; Ccol: Campylobacter coli; CeHV: Cercopithecine herpesvirus 9; Cele: Caenorhabditis elegans; Cfum: Choristoneura fumiferana; Cglu: Coryne-
bacteriumglutamicum;Cpar:Cryptosporidiumparvum;Cthe:Clostridiumthermocellum;Cwat:Crocosphaerawatsonii;Ddes:Desulfovibriodesulfuricans;Ddis:
Dictyostelium discoideum; Dmel: Drosophila melanogaster; Drad: Deinococcus radiodurans; Dvul: Desulfovibrio vulgaris; EHV1: Equid herpesvirus 1; ESV:
Ectocarpus siliculosus virus; Ecoli: Escherichia coli; Ecun: Encephalitozoon cuniculi; Efae: Enterococcus faecalis; Efae: Enterococcus faecium; Ehis: Entamoeba
histolytica;FPV:Fowlpoxvirus;FV3:Frogvirus3;FaciFerroplasmaacidarmanus;FirV:Feldmanniairregularisvirusa;GHV2:Gallidherpesvirus2;Ggal:Gallus
gallus;Gkau:Geobacilluskaustophilus;Glam:Giardialamblia;HHV2:Humanherpesvirus2;HHV3:Humanherpesvirus3;HHV4:Humanherpesvirus4;HHV5:
Human herpesvirus 5; HHV6: Human herpesvirus 6B; Hinf: Haemophilus influenzae; Hpyl: Helicobacter pylori; Hsal: Halobacterium salinarum; Hsap: Homo
sapiens; IHV1: Ictalurid herpesvirus1; IsknV:Infectious spleen and kidney necrosis virus; LdNPV: Lymantriadispar nucleopolyhedrovirus; LdV1: Lymphocystis
disease virus 1; Ldel: Lactobacillus delbrueckii; Linn: Listeria innocua; Llac: Lactococcus lactis; Lmaj : Leishmania major; Lmon: Listeria monocytogenes; Lpla:
Lactobacillus plantarum; MCV: Molluscum contagiosum virus subtype 1; Masp: Magnetococcus sp.; Mbur: Methanococcoides burtonii; McNPV: Mamestra
configurata nucleopolyhedrovirus B; Mcap: Methylococcus capsulatus; Mjan: Methanocaldococcus jannaschii; Mkan: Methanopyrus kandleri; Mmag: Magne-
tospirillum magnetotacticum; Mmaz: Methanosarcina mazei; Mmus: Mus musculus; MsEV: Melanoplus sanguinipes entomopoxvirus; Msp.: Micrococcus sp.;
Mtub:Mycobacteriumtuberculosis;Ncra:Neurosporacrassa;Nequ:Nanoarchaeumequitans;NsNPV:Neodiprionsertifernucleopolyhedrovirus;OHV1:Ostreid
herpesvirus 1; OsNPV: Orgyia pseudotsugata multicapsid nucleopolyhedrovirus; Osat: Oryza sativa; PBCV: Paramecium bursaria Chlorella virus 1; PHV1:
Psittacid herpesvirus 1; Pfal: Plasmodium falciparum; Phor: Pyrococcus horikoshii; Psav: Pseudomonas savastanoi; Psp.: Polaromonas sp.; Pyae: Pyrobaculum
aerophilum; Rbal: Rhodopirellula baltica; Rnor: Rattus norvegicus; Rsol: Ralstonia solanacearum; Rsp.: Rhodococcus sp.; Rsph Rhodobacter sphaeroides; Saur:
Staphylococcus aureus; Save: Streptomyces avermitilis; Scer: Saccharomyces cerevisiae; Scoe: Streptomyces coelicolor; SeNPV: Spodoptera exigua nucleopo-
lyhedrovirus; Sglo: Streptomyces globisporus; Sisl: Sulfolobus islandicus; SlNPV: Spodoptera litura nucleopolyhedrovirus; Spom: Schizosaccharomyces pombe;
Spyo: Streptococcus pyogenes; Ssp: Synechocystis sp.; Ssui: Streptococcus suis; Syn: Synechococcus sp.; Tbru: Trypanosoma brucei; Tcru: Trypanosoma cruzi;
Telo: Thermosynechococcus elongatus; Tint: Thiobacillus intermedius; Tnig: Tetraodon nigroviridis; Tsp.: Thiobacillus sp.; Tthe: Thermus thermophilus; Tvol:
Thermoplasma volcanium; VV: Vaccinia virus; Vcho: Vibrio cholerae; Vvul: Vibrio vulnificus; Xcam: Xanthomonas campestris; Xfas: Xylella fastidiosa; XnGV:
Xestia c-nigrum granulovirus.
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(Figure 2). Residues that were consistently conserved across
all the families included a hhhDhD (h: hydrophobic), motif in
strand 3,ansss(s:small) motifattheendofstrand 4,auhþhhh
motif (þ: basic residue, mostly histidine but an arginine or
lysine in some families; for details see below) in strand 5, a h-
motif (-: acidic, mostly aspartate) in strand 6 (which can some-
times adopt a helical conﬁguration) and a polar residue in the
second strand of the terminal hairpin (Figure 2).
Evolutionary classification of the AEP superfamily
To identify the major clades within the AEP superfamily, the
multiple alignment (Figure 2) was examined for distinct
sequence signatures characteristic of subsets of the superfam-
ily members. Single linkage clustering using BLAST-scores
with the BLASTCLUST program was employed to identify
sub-groups and probable orthologous lineages. Finally, at the
level of high sequence similarity, such as within an ortholog-
ous group or a tight cluster of paralogs, conventional
phylogenetic tree analysis using maximum-likelihood, neigh-
bor-joining and minimum evolution methods was performed
to unravel the evolutionary history of each such group. In
the case of fast-evolving proteins of viruses and extra-
chromosomal elements, contextual information from domain
architectures was also used as a phylogenetic marker. Using
these approaches, the AEP superfamily was classiﬁed into
13 major families, of which 12 could be further grouped
into three higher-order clades (Figure 3).
The AEP proper clade. This major clade includes three fam-
ilies, namely, the classical AEP small subunits, the Lef-1 like
primases of baculoviruses and the bacterial NHEJ primases
associated with the Ku protein and the ATP-dependent ligases,
and is uniﬁed by several synapomorphies (Table 1 and
Figure 2). Recent genome sequencing projects added several
new members to this family. These include the B.cereus phage
Figure 3. Inferred evolutionary history of the AEP superfamily. The overall topology of the phylogramwas derivedusing synapomorphies and clustering based on
DALI Z-scores. Synapomorphies that unify a set of lineages are indicated next to the filled yellow circles. The ellipses indicate large assemblages within which
individual lineages show a generic relationship. Broken lines indicate an uncertainty with respect to the exact point of origin of a lineage. Archaeal and eukaryotic
(including viral) branches are colored blue, bacterial branches are colored green, branches that include predominantly proteins from plasmids, phages and mobile
elements are colored red. Ancestral branchesand branches outside the AEP superfamilyare in black. The phyleticdistributionis shown in brackets: B, Bacteria; A,
Archaea; E, Eukaryotes; V, Viruses; > represents a proposed lateral transfer.
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and the RB12213 protein from Rhodopirellula. These proteins
are closer in sequence to the archaeal versions of the AEP
superfamily, but are not speciﬁcally related to a representative
from any one archaeal species. BC1863 is fused to an MCM
domain (60) and the gene for RB12213 is adjacent to the dnaB
gene of Rhodopirellula (Figure 4). An MCM gene is also
found next to the primase gene (MJECS07) of the small extra-
chromosomal element of Methanocaldococcus jannaschii
(Figure 4). This pattern is characteristic of the diverse
primase-helicase associations seen in other plasmids and
phages (see below) (Figure 4). The Bdellovibrio Bd2680
Table 1. The major clades of the AEP superfamily and their distinctive features
Families Phyletic distribution Synapomorphies and specific comments
AEP proper clade Arginine between strand 1 and helix-2, small residue
between helix-2 and strand 2, charged residue
(mostly glutamate) in strand 3 and a basic residue
preceding strand 5
NHEJ primases family Proteobacteria, Actinomycetes, Parachlamydia,
Low-GC Gram-positive bacteria
Most members are fused to or in the gene neighborhood
of a DNA ligase and a predicted nuclease
Lef-1 like baculovirus
primase family
Baculoviruses Arginine between helix-1 and strand 1, histidine between
strand 1 and helix-2, acidic residue between
helix-2 and strand 2
AEP primase small subunit
primase family
Archaea, eukaryotes, B.cereus phage phBC6A51,
Bdellovibrio, Rhodopirellula
Most eukaryotes have a single primase small subunit
with duplications in a few species, such as C.elegans,
Entamoeba histolytica and Cryptococcus neoformans
NCLDV/Herpesvirus primase clade Glutamate [present as an Exb (b: big, mostly
hydrophobic) motif] in strand 2, a lysine in the turn
between strands 4 and 5, a hydrophobic residue
before helix-3 and a polar residue at the end
of strand 4
Iridovirus primase family Iridoviruses, ASFV, mimivirus and kinetoplastids Fused to PriCT-2 domain
Herpes-pox primase family Poxviruses, phycodnaviruses, ASFV, mimivirus,
vertebrates, Ciona, Apis, plants, apicomplexans,
Dictyostelium
Fused to a C-terminal strand rich zinc ribbon-like
domain that has 3 cysteines and one histidine
Prim-pol clade Proline residue in strand 1
Prim-pol family Bacterial and phage proteins in Low-GC
Gram-positive, Actinomycetes, Thermus,
Trichodesmium, Bacteroides, Magnetospirillum,
Vibriophages, Halobacterium,
Methanosarcina and crenarchaeal plasmids
Threonine residue at the beginning of strand 4 and a
‘sS’ motif (s: small, mostly Proline) at the beginning
of the first strand of the terminal hairpin. Most
members are fused to a PriCT-1 domain
E.coli Z1568-like family O157:H7 strain of E.coli, Desulfovibrio,
Burkholderia cepacia complex phage
BcepC6B, e-proteobacteria, Corynebacterium
glutamicum, Bacteroides fragilis, Streptococcus
pneumoniae and cyanobacterial plasmids
Polar residue in strand-2 (aspartate or asparagine),
Ps (s: small, mostly asparagine) motif preceding
the flange, polar residue (mostly asparagine) in the
first strand of the terminal hairpin and a hPhp
(p: polar) motif preceding the terminal strand
Deinococcus DR0530-like family Deinococcus, a- and b-proteobacteria,
phages of Burkholderia and Bordetella,
cyanobacterial plasmids and Picrophilus torridus
Members of this family lack the conserved histidine in
strand 5 and instead have a polar (often, basic)
residue, conserved glutamate instead of the aspartate
residue in strand 6, HP motif in the first strand of
the terminal hairpin. Most members fused to PriCT-2
Anabaena all3500-like family Cyanobacteria, Streptococcus pyogenes, Bacillus
clarkii bacteriophage BCJA1c
Asparagine residue in strand 2, basic residue at the
end of strand 6, basic residue in the first strand
of the C-terminal hairpin
Bradyrhizobium bll5242-like family Bradyrhizobium, Rhodobacter, Desulfotalea,
Burkholderia cepacia phages Bcep43, Bcep1
and Bcep781
Basic residue between strand 1 and helix-2,
threonine N-terminal to strand 2, Proline N-terminal
to helix-3. Strand with a Gah (a: aromatic, h:
hydrophobic) motif between helix-4 and strand 6
ColE2 Rep-like family Proteobacteria, Actinomycetes and Thermus Proline after helix-1, oss motif (o: serine or threonine,
s: small mostly aspartate or asparagine) in strand 1,
Ps (s: small, mostly asparagine) motif in strand 4,
lysine in the flange, HxW motif in the first strand
of the hairpin. Fused to Pri-CT1 and HTH domains
at the C-terminus
RepE/RepS family Conjugative plasmids pXO2 of Bacillus anthracis
and E.faecalis RE25, pTS1 plasmid of Treponema
denticola, plasmids from Low-GC Gram-positive
bacteria and cyanobacteria
Fused to a wHTH at the C-terminus
Families not associated with any particular clade
BT4734-like family Bacteroides Basic residue in helix-1, lysine instead of the conserved
histidine in strand 5, conserved aspartate in the
terminal strand of the hairpin
3884 Nucleic Acids Research, 2005, Vol. 33, No. 12primase is fused to a reverse transcriptase and might be
involved in synthesizing a primer for the latter (Figure 4).
The classical AEP family is generally uncharacteristic of bac-
teria. The few members of this family that are encoded on
bacterial chromosomes are likely to be relatively late transfers
from phage or plasmid replicons.
All archaeal and eukaryotic members of the AEP small
subunit family and the baculoviral Lef-1 family appear to
form a functional complex with the respective orthologs of
the eukaryotic primase large subunit (yeast Pri2p and baculo-
virus Lef-2 protein) (61–64). Notably, in N.equitans and
BC1863, the AEP is fused to the ortholog of the large subunit
(Figure 4). While at least one ortholog of the large subunit is
present in archaeal, eukaryotic, phBC6A51 and baculoviral
genomes, no homologs of the large subunit were detected
in the other bacterial, plasmid and phage replicons, suggesting
that these small-subunit homologs might function independ-
ently of the large subunit.
We also detected several previously unnoticed members of
the bacterial NHEJ primase family scattered among proteo-
bacteria, actinomycetes, Parachlamydia and several Low-GC
Gram-positive bacteria (Table 1). As described previously,
most of the bacterial NHEJ primases are fused to a DNA ligase
and a predicted nuclease located N-terminally to the primase
domain (21,22) (Figure 4). Solo versions are typically encoded
in the same neighborhood with genes for DNA ligases and Ku
homologs (22,23) (Figure 4). The patchy phyletic pattern of
this system, with highly conserved representatives present in
various, phylogenetically distant bacteria, strongly suggests
that they disseminated via horizontal gene transfer. This is
reminiscent of some other DNA repair operons that have
widely disseminated among prokaryotes (15,22,65,66).
Figure 4. Ordered graph of domain architectures and genome contexts. Each vertex represents a domain and the edges represent a contextual association. Domain
combinationsareshownasblackarrows,withthearrowpointingfromtheN-terminustotheC-terminusofthemulti-domainprotein.Geneneighborhoodassociations
are shown as red arrows with the arrows pointing in the 50–30 direction of the coding sequence. The blue lines with boxed ends represent experimentally observed
functional associations. Domain architectures and gene neighborhood organizations are shown around the ordered graph. Where possible, these are organized into
clade-orfamily-specificgroupsenclosedinanorangebox.Proteinsorgenesthataredepictedasdomainarchitecturesoroperonclustersaredenotedbythestandard
notationas in Figure2. Thespecies abbreviationsare asin Figure2. Geneswith conservedneighborhoodsare shownasboxedarrows withthe arrow pointingin the
50–30 direction of the coding sequence. The C-terminal tail motif of the SFI-ORF24 proteins is represented by an orange extension in the domain representation.
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range of bacteria, bacteriophages, plasmids and a few archaea
(Table 1 and Figure 2). With the exception of two families,
proteins in this clade also have one of two distantly related C-
terminal a-helical modules which we designate the Primase-C
Terminal-1 (PriCT-1) and Primase-C Terminal-2 (PriCT-2)
domains (Figure 4). Based on the presence of conserved resi-
dues, domain architecture and genome contexts, seven distinct
families are discernible in this clade, which include the prim-
pol proper family, the Z1568-like family, the D.radiodurans
DR0530-like family, the Anabaena all3500–like family, the
Bradyrhizobium bll5242-like family, the ColE2 Rep-like
family and the RepE/RepS family (Figure 3).
The Prim-pol proper family typiﬁed by the primase-DNA
polymerase domain of the crenarchaeal RepA-like proteins is
found only in prokaryotes and their viruses (Table 1 and
Figure 2). The presence of these proteins in several phages
suggests that the extensive, sporadic dissemination in bacteria
was mediated by lysogenic phages and plasmids. In Strepto-
myces and Clostridium thermocellum, there is a lineage-
speciﬁc expansion of solo prim-pols with  8–13 members.
Interestingly, in six members of this family in Streptomyces
and the Tfus020011 protein ofThermobiﬁda,the secondaspar-
ate of the DxD motif is mutated and, in the Streptomyces
members, the conserved histidine in strand 5 is mutated as
well, suggesting that these proteins are inactive primase deriv-
atives (Figure 2). Such abundance of apparently inactive ver-
sions is reminiscent of inactivated transposases that are often
encountered in several multicopy transposons from various
genomes (67). One may speculate that these AEP expansions
in Streptomyces and Clostridium represent a novel class of
DNA transposons. The prim-pols might function as primases
and, possibly, also as DNA polymerases during replicative
transposition of these putative novel mobile elements. The
presence of apparently inactivated version of the prim-pol
domain in some of these putative transposons suggests that
the primase activity could be supplied in trans by the active
versions. Experimental study of this system would be of con-
siderable value because it might uncover a novel mode of
transposon propagation.
The Z1568-like family is sporadically found in bacteria and
their plasmids (Table 1 and Figure 2). The proteins of this
family typically contain a PriCT-1 domain immediately C-
terminal to the AEP module (Figure 4). Members of this fam-
ily in e-proteobacteria and cyanobacterial plasmids have a
conserved glutamate in place of the aspartate in strand 6.
The e-proteobacterial versions also have an asparagine residue
replacing the second aspartate in the DxD motif (Figure 2).
D.radiodurans DR0530-like family is sporadically distrib-
uted in prokaryotes (Table 1); members of this family lack the
conserved histidine in strand 5 and instead have a polar (often,
basic) residue (Figure 2). They have a conserved glutamate
instead of the aspartate residue in strand 6 and share an HP
motif in the ﬁrst strand of the terminal hairpin. Most members
of this family (with the exception of the Picrophilus PTO0356
protein) are fused to a PriCT-2-like domain. The small
Anabaena all3500–like family contains members showing
fusions to both PriCT-1 and PriCT-2 domains (Table 1)
(Figures 2 and 4). In some versions, such as the SPy0671-
like protein of Streptococcus pyogenes and the Bacillus clarkii
bacteriophage BCJA1c, the PriCT-2 domain is atypically
present N-terminal to the AEP module (Figure 4). The
Bradyrhizobium bll5242-like family is another small group
with a restricted phyletic pattern in bacteria and phages
(Table 1 and Figure 2).
Members of the ColE2 Rep family include primases of
ColE2 family plasmids that are mainly present in proteo-
bacteria, a few actinobacteria and Thermus (Table 1 and
Figure 2). They are characterized by a fusion to a helix–
turn–helix (HTH) domain to the C-terminus of the PriCT-1
domain, which isessential fororigin-binding (68) (Figure 3).It
has been shown that Rep proteins are involved in the synthesis
of a 3 nt RNA primer during the initiation of plasmid replica-
tion (28,29).
Proteins of the RepE/RepS primase family (Table 1 and
Figure 2) are fused to a winged HTH domain, which ﬂanks
the C-terminus of the primases (Figure 4). The domain archi-
tectures and gene neighborhoods (see below and Figure 4) of
these AEPs suggest that they might be distantly related to the
Rep family of the ColE2 plasmids, although they share very
few sequence features of the prim-pol clade.
The NCLDV-herpesvirus primase clade. Members of this
clade include predicted primases detected in the NCLDV,
herpesviruses, kinetoplastids and a novel eukaryotic subfamily
exempliﬁed by the human protein FLJ33167 (hereinafter we
refer to these proteins as the Eukprim2 for Eukaryotic primase,
version 2). The synapomorphies of this clade include two
strongly conserved residues, a glutamate [present as an Exb
(b: big, mostly hydrophobic) motif] in strand 2 and a lysine in
the turn between strands 4 and 5, a hydrophobic residue before
helix-3 and a polar residue at the end of strand 4 (Figure 2).
Superposition of these conserved residues onto the available
structures of the AEP superfamily proteins suggests that the
conserved lysine and glutamate are positioned close to the
active site and might have a role in substrate interaction,
such as binding the nucleotide backbone. Based on the domain
architectures, this clade can be further classiﬁed into two fam-
ilies, the iridovirus primase family and the herpes-pox primase
family.
The iridovirus primase family is characterized by a C-
terminal fusion of the primase domain to the a-helical
PriCT-2 domain (Figure 4). Members of the family include
the D5-like proteins from iridoviruses and ASFV (C962R), the
mimivirus MIMI_L207 protein and the Leishmania L7836.04-
like protein from the kinetoplastids. In addition to the PriCT-2
domain, the iridovirus and ASFV proteins are fused to D5N
and D5 helicase domains. The mimivirus MIMI_L207 is a
neighbor of the D5-like helicase in the genome, which implies
a functional association. The kinetoplastid L7836.04-like pro-
teins, while closely related to other members of this family,
lack the characteristic, conserved glutamate in strand 2,
although they retain the conserved lysine between strands 4
and 5 (Figure 2). This is the second putative primase of the
kinetoplastids, in addition to the typical eukaryotic primase.
The Herpes-pox primase family is characterized by the
presence of a conserved C-terminal b-strand-rich region in
place of the PriCT domains (Figure 4). In most proteins of
this family, this region has three conserved cysteines and a
histidine, and its secondary structure pattern resembles a
highly derived Zn-ribbon (Figure 5). Members of this family
include the A468R-like proteins from phycodnaviruses, the
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ASFV, the mimivirus proteins MIMI_R8, MIMI_L537 and
MIMI_L794, the herpesvirus primases and the eukaryotic
Eukprim2 proteins. Several members of this family also
show fusions and associations with different ATPases
(Figure 4). The poxvirus N-terminal primase domains are
fusedto aD5 helicaseof SFIII (separated by the D5N domain),
whereas the ASFV F1055L, the mimivirus MIMI_R8 and the
Ostreidherpesvirusprimases, ORF7 and ORF49, are fusedtoa
UL9-like helicase of SFII (Figure 4). Similarly, the third AEP
encoded by the Ostreid herpesvirus, ORF66, is adjacent to a
gene encoding a UL9-like helicase (ORF67). These fusion
proteins with the AEPs and UL9-like helicases in the
NCLDV and herpesviruses are closely related and suggest
geneexchangebetweenthesetwocladesoflargeDNAviruses.
The vertebrate herpesvirus primases of this family (UL52/70)
are characterized by a replacement of the conserved histidine
in strand 5 by an arginine (Figure 2). This substitution is also
seen in the divergent gene 63 product of the ﬁsh (Ictalurid)
herpesviruses. In contrast, the primases of the herpesviruses of
the bivalves, the Ostreid herpesvirus ORF7, ORF49 and
ORF66, show a typical sxH signature in strand 5 (Figure 2).
Moreover, the Ostreid herpesvirus proteins lack several inserts
shared by the vertebrate herpesviruses (see below), suggesting
that these inserts and the substitution of the conserved
histidine to arginine occurred after the radiation of vertebrate
herpesviruses from the common ancestor with the mollusk
herpesviruses.Apparently,thevertebrateherpesvirusprimases
evolved rapidly after this divergence. Alternatively, the pri-
mase of the Ostreid Herpesvirus might have been displaced by
a version from the NCLDVs or the cellular Eukprim2.
The Eukprim2 proteins are present in vertebrates, Ciona
intestinalis, Apis mellifera (honey bee), plants, apicomplexans
and the slime mold Dictyostelium. The apicomplexan versions
are closely related to plant ones (Figure 2), suggesting that
they were acquired from the algal endosymbiont of the api-
complexan ancestor. This unusual distribution of Eukprim2
suggests that the gene for this protein was acquired early in the
evolutionoftheeukaryoticcrowngroup,lostindependentlyon
multiple occasions in the fungi and animals, such as Caen-
orhabditis elegans and Drosophila. The Eukprim2 is not clo-
sely related to the principal eukaryotic primases (the AEP
small subunit family discussed above). Together with the
observation that the maximum diversity of the AEPs is seen
in viruses and other mobile elements, this suggests that
Eukprim2 was acquired from a viral or plasmid source by
an early eukaryote.
The ultimate origin of the NCLDV-herpesvirus primase
clade, which is restricted in its distribution to eukaryotes
and their viruses, probably, can be traced to bacteriophages
or bacterial proteins that have a PriCT-2 domain fused to the
AEP core. An ancestral version of this AEP present in an
ancient, large eukaryotic DNA virus acquired the clade-
speciﬁc glutamate and arginine residues. This was, in all like-
lihood, the precursor of the version that propagated in the
NCLDV and herpesvirus genomes, although the details of
the exchanges of the AEP and associated domains between
these two large groups of DNA viruses remain obscure. The
greater diversity of the domain in the NCLDVs suggests that
herpesviruses might have acquired their extant primase from a
member of the NCLDV class. This scenario further implies
that the PriCT-2 domain was displaced by a b-strand-rich
domain containing a cysteine cluster in the Herpes-pox
primase family. The Eukprim2 and the kinetoplastid
L7836.04-like proteins, which show a scattered distribution
among eukaryotic lineages, were probably acquired from viral
sources on two occasions independently. No role for this pro-
tein has been reported in any of the well-studied eukaryotic
Figure 5. Multiplealignmentof the zinc ribbon-likedomainlocatedC-terminalto the AEP domainin poxvirusand herpesvirusprimasesand the Eukprim2family.
Thecoloringscheme,consensusabbreviations,secondarystructurerepresentationsandspeciesabbreviationsareasinFigure2.Theresiduespredictedtobeinvolved
in metal binding are shaded red. Poorly conserved short inserts seen in some sequences are shown with a reduced font size.
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these proteins (Table 1) is in contrast to the core components
of the replication apparatus (18) and argues against an indis-
pensable role in replication. It seems more likely that these
proteins function as primases in a novel DNA repair pathway
and/or in specialized DNA ampliﬁcation systems in speciﬁc
cell types. The presence of multiple primases in the mimivirus
and ASFV is intriguing (Table 1). Given their large genomes,
the NCLDV might have greater selective pressures for DNA
repair than smaller DNA viruses. Furthermore, since most of
the NCLDVs replicate in the cytoplasm or in independent
compartments, they might not have ready access to cellular
DNA repair enzymes. Hence, they might deploy distinct pri-
mases for the initiation of DNA synthesis during replication
and repair. It is also possible that these viruses have multiple
replication origins, which are initiated by different primases or
that their leading and lagging strands are initiated by distinct
primases.
Members of the Bacteroides speciﬁc BT4734-like family do
not have any sequence speciﬁc features to warrant their inclu-
sion in any one of the above families (Table 1, Figure 2). At
least 5 members of a total of 11 detected in Bacteroides thet-
aiotaomicron are potentially inactive suggesting that, similar
to the members of the prim-pol family discussed above, these
proteins might belong to a novel type of transposon. Of the 11
proteins of this family in B.thetaiotaomicron, at least 5 are
fused to a D5-like helicase and the remaining six are either
fused to or in the neighborhood of a T1p09-like Superfamily
III helicase. Some versions of the latter variety are also fused
to a PriCT-1 domain.
Domain architectures of proteins containing the
AEP domain
The domain architectures and conserved gene neighborhoods
of the AEPs throw considerable light on the diverse functional
associations of these proteins in replication systems. While the
domain architectures of cellular proteins of this superfamily
are rather stereotypical, the architectures observed in viruses
and extrachromosomal elements show considerable diversity
(69). We depicted these associations as an ordered graph with
domains forming the nodes of the graph and the architectural
or gene-neighborhood connections forming the edges
(Figure 4). The most striking contextual theme that emerged
from this analysis was the association of members of the AEP
superfamily with diverse ATPases of the P-loop NTPase fold.
In particular, AEPs are fusedto three distinct groups of AAAþ
ATPases: (i) the D5-like SFIII helicases of the NCLDVs and
other viruses (70,71), (ii) the phage T1 T1p09-like highly
derived SFIII helicases and (iii) the MCM family of AAAþ
ATPase in the BC1863 protein of the B.cereus phage
phBC6A51 (60,70). Analogous to eukaryotic and archaeal
cells, the phage MCM ATPase is likely to function as the
principal helicase in the initiation of replication (60,72).
The AEPs are also fused to members of a subfamily of
phage DnaB helicases, which belong to the RecA ATPase
class (73), and two distinct groups of superfamily II helicases,
the UL9 and A18R/Rad25-like helicases (Figure 4). Helicases
of the RecA and AAAþ superfamilies typically form hexame-
ric rings around the DNA and are known as ring helicases,
whereas the UL9 and A18R/Rad25-like SFII helicases do
not form rings (66,74,75). Hence, the AEPs appear to be
able to function in conjunction with both types of
helicases that have substantially different mechanisms of
DNA unwinding.
With the exception of the AEP proper clade, in all other
families of the AEP superfamily, the most common fusion of
the primase domain is with D5-like SFIII helicases. This sug-
gests that the D5-like helicases were the original functional
partners of the AEPs, other than those of the AEP proper clade.
However, in most of these families, there are at least a few
representatives with fusions to other helicases (Figure 4). For
example, the T1p09-like highly derived SFIII helicases are
fused to the AEPs in some members of the prim-pol proper,
DR0530-like, all3500-like and BT4734 families. The DnaB/
RecA-like ATPases are fused to AEPs of the prim-pol proper
family in the mycobacteriophage rosebush gp54-like proteins,
and in the SPOA0086 protein from Silicibacter, to the
DR0530-like family in RPA4546 protein from Rhodopseudo-
monas, and to the all3500-like family in SPy0671 in Strepto-
coccus pyogenes and the Bacillus clarkii bacteriophage
BCJA1c. The UL9-like SFII helicases are fused to AEPs of
the DR0530-like family (in cyanobacterial plasmid pUH4; gi:
247792) and in members of the Herpes-pox primase family.
Furthermore, in different members of the Bradyrhizobium
bll5242-like family, the AEP is associated with distinct ver-
sions of the D5-like ATPases, which are only distantly related
to each other. This diversity of domain fusions suggests that
there have been several independent associations between hel-
icases and AEPs, which appear to have evolved via displace-
ment of one type of helicase by another in viral and plasmid
genomes.
Interestingly, analysis of the domain architectures of multi-
domain proteins containing the TOPRIM primase domain also
revealed fusions to D5-like, DnaB-like and UL9-like heli-
cases, which are closely related to the helicases associated
with the AEPs (Figure 4). In particular, in the gp37 protein
ofphageN15,theTOPRIMprimaseisfusedtoaUL9helicase,
whereas in the Bcep02006798 protein of the bacterium Burk-
holderia fungorum,it isfused to a C-terminal D5-like helicase.
These combinations of unrelated primases with the same rep-
ertoire of helicases suggest that the primases of the AEP and
TOPRIM superfamilies are functionally equivalent or at least
highly similar. These independently derived analogous archi-
tectures also suggest a strong mechanistic coupling of the
earliest stages of DNA synthesis, such as, unwinding of the
double-stranded template at the initiation site and primer syn-
thesis. Thus, in the genomes of extra-chromosomal elements
and phages, a remarkably diverse array of combinations of the
enzymes catalyzing these two steps had been explored during
evolution. In many cases, the D5-like ATPase domain is pre-
ceded by another conserved globular domain, the D5 N-
terminal (D5N) domain. The D5N domain is also found as
a solo protein encoded by genes in the vicinity of those coding
for D5-like helicases (e.g. SpyM3_1340 from Streptococcus
phage 315.5). This domain is predicted to adopt an aþb fold
and is characterized by the presence of conserved aromatic
residues (mostly tryptophan) in strands 2 and 3, and a Ghhpxp
(p polar, the ﬁrst polar residue is, mostly, an aspartate or
asparagine) motif in strand 4 (Figure 6). The role of the
D5N domain remains unclear, but its strict association with
the D5-like proteins suggests that it might be speciﬁcally
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helicases, which function with either AEP or TOPRIM-fold
primases.
In addition to the helicases, AEPs as well as the TOPRIM
domain primases form associations with several non-catalytic
domains. Perhaps, the most notable of these are the PriCT-1
and PriCT-2 domains, which are typically fused to the C-
terminus of the AEP domain of the prim-pol, the BT4734-
like family or NCLDV-herpesvirus primases (Figure 4). The
PriCT-1 domain was also detected as a stand-alone protein,
e.g. Chte02003491 of Clostridium thermocellum, and the
PriCT-2 domain is also found as an N-terminal fusion to
the TOPRIM domain, e.g. in the Bcep02006798 protein of
B.fungorum (Figure 4). The two domains seem to be distantly
related as iterative database searches starting from the PriCT-1
domain sequences recover the PriCT-2 domains, albeit with
relatively high E-values (data not shown). This is supported by
the nearly identical secondary structure predictions for the
PriCT-1 and PriCT-2, which indicate a core of four conserved
helices (Figure 7). The two domains share several conserved
hydrophobic residues in the helices across the alignment. The
members of the Herpes-pox primase family from various
Figure 6. MultiplealignmentoftheD5Ndomain.Thecoloringscheme,consensusabbreviations,secondarystructurerepresentationsandspeciesabbreviationsare
as in Figure 2.
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in place of the PriCT domains (Figure 5). Experiments in
herpesvirus UL52 have shown that mutations in this Zn-
chelating domain severely compromise DNA-binding and pri-
mase activity, suggesting that this domain is involved in the
recognition of initiation sites (76).
Some members of the all3500-like family contain a
primase-type Zn-ﬁnger fused with the AEP domain, which
resembles the architecture of the bacterial DnaG primases
(Figure 4). In the latter, the Zn-ﬁnger targets the catalytic
TOPRIM domain to the primer initiation sites (77,78), and,
most likely, it performs the same function in association with
the AEP domain. In particular, these domains might help in
speciﬁc cis interaction of the primases with the replication
initiation sites of their cognate replicons. The congruence
of these architectures further supports the functional equival-
ence of the TOPRIM and AEP superfamily primases and
suggests that these primase domains might have repeatedly
displaced each other in various replication systems, particu-
larly, those of extra-chromosomal elements, while associating
with the same set of DNA-binding domains. Given the domain
architectures in which the TOPRIM and the AEP primases
occupy equivalent positions in the same polypeptide with
respect to the other domains (Figure 4), it even seems likely
that some of these displacements occurred in situ, within the
same gene.
Members of the AEP proper clade show fusions to neither
PriCT domains nor the b-strand-rich Zn-chelating C-terminal
domain. However, in the BC1863 protein of the B.cereus
bacteriophage phBC6A51 and in the AEP of the archaeon
N.equitans (NEQ395), a region homologous to the large sub-
unit of the cellular primases and baculovirus Lef-2 is fused to
the C-terminus of the AEP domain. This consists of two dis-
tinct, conserved domains (Figure 8). The N-terminal domain is
largely alpha-helical and culminates in the ﬁrst conserved
cysteine (Figure 8). The C-terminal domain, which is
Figure 7. Multiple alignment of the (A)PriCT-1 and PriCT-2 (B) domains. The coloring scheme, consensus abbreviations, secondary structure representations and
speciesabbreviationsareasinFigure2.Furthermore,alcoholsidechaincontainingresidues(ST)arecoloredblueanddenotedbyan‘o’andaliphaticresidues(LIV)
are shaded yellow. Equivalent helices in PriCT-1 and PriCT-2 have been aligned with each other. Poorly conserved short inserts seen in some sequences are shown
with a reduced font size.
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contains three conserved cysteine residues. These four
cysteine residues are probably involved in coordinating a
metal ion (Figure 8). The Lef-2 proteins of the baculoviruses
contain another potential a-helical Zn-cluster with four con-
served cysteines between the N- and C-terminal domains. All
the other members of the primase large subunit family contain
an unrelated a-helicalregion betweenthe conserved N- and C-
terminal domains (Figure 8). In BC1863 and NEQ395, the
large-subunit module effectively occupies a position equival-
ent to that of a PriCT or Zn-chelating domains in other AEPs
(Figure 4). These associations and the absence of other
conserved C-terminal domains in members of the AEP-
proper clade, which physically associate with the primase
large subunit, suggest that the large subunit, PriCT domains
and the b-strand-rich Zn-chelating domain of the Herpes-pox
primase family have similar functions, perhaps facilitating the
association of the AEP domain with DNA.
In addition to the Zn-binding domains that are fused to the
AEPdomains,wedetectedseverallineage-speciﬁcZn-clusters
with characteristic patterns of cysteines and histidines, which
are inserted within the AEP domain (Figure 1). These include:
(i) A Zn-cluster with three cysteines and a histidine between
strand1andhelix-2inasubsetofmembersoftheprim-pol
family from Magnetospirillum and Streptomyces;
(ii) Acysteineclusterwithfourconservedcysteines,occurring
in the same position as the previous insert, in members of
theZ1568-likefamily,whicharedistinguishedbyafusion
to A18R-like helicases;
Figure 8. MultiplealignmentofthePrimaseLargesubunit.Thecoloringscheme,consensusabbreviationsandsecondarystructurerepresentationareasinFigure2.
Shortinsertsareshownwithareducedfontsize,whereaslongerinsertsarerepresentedasnumbers.ThesecondarystructurewaspredictedusingtheJPredprogram.
The‘a’intheconsensusabbreviationsrepresentsaromaticresidues(FWY)thatareshadedyellow.Thecysteineresiduespredictedtohavearoleinmetal-bindingare
shaded red. The granuloviruses appear to have lost their C-terminal cysteine cluster. Species abbreviations are as in Figure 2.
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located immediately downstream of the DxD motif in
the archaeal primases;
(iv) Acysteineclusterwithatleastthreeconservedcysteinesin
the loop between strands 4 and 5, preceding the conserved
motif-II in tetrapod herpesviruses;
(v) A predicted Zn-ribbon in the terminal hairpin after the
flange in the ESV ORF45 protein and its ortholog in
Feldmania irregularis virus A;
(vi) A small Zn-cluster with a histidine and three cysteines
in the prim-pols of the Sulfolobus pRN-like plasmids,
which occurs in the same position as the previous insert
(Figure 1).
While insertions of Zn-ribbons and Zn-clusters are occasion-
ally found in other protein domains involved in nucleic acid
metabolism, the multiple, independent insertion in different
positions within the same fold is an intriguing feature that is
unique to the AEP superfamily. Superposition of the locations
of these inserts on the structural scaffold provided by the two
primase structures shows that most of the inserts are located in
loops and are likely to be on the surface of the molecule
(Figure 1). This suggests that the chelated Zn ions are used
to stabilize particular, extended, surface-exposed loops in the
AEP domain. These loops might have been recruited for
recognizing speciﬁc template structures at the primer initiation
sites. More speciﬁcally, there might be a selective pressure on
the primases due to competing replicons to efﬁciently recog-
nize cis primer initiation sites that are speciﬁc to the cognate
replicon, and this recognition could be mediated by the
Zn-clusters.
Conserved gene neighborhoods (predicted operons)
associated with the AEP superfamily
It has been convincingly demonstrated that strongly conserved
gene neighborhoods typically reﬂect physical interaction
between the encoded proteins and/or consecutive functions
in a biochemical pathway (79–81). Accordingly, analysis of
gene neighborhoods throws light on the functional context of a
particular gene. Certain highly characteristic mobile operons
containing the AEPs of the NHEJ family have also been
described previously and the predictions made on the basis
of the conserved gene neighborhoods have been experiment-
ally veriﬁed (22,23) (Figure 4). Not surprisingly, the most
common conserved gene neighborhoods of the AEP superfam-
ily involve co-occurrence with genes for the above-mentioned
families of helicases and genes encoding solo versions of
AEP-associated domains, such as the PriCT domains. In addi-
tion, members of the AEP superfamily were detected in
conserved gene neighborhoods with genes for the single-
strand-binding (SSB) protein, DNA polymerase I, PCNA,
DNA polymerases of the B family and the ParA-like proteins
(Figure 4). For example, the gene for the AEP protein VP2p27
of Vibriophages forms a potential operon with DNA poly-
merase I and SSB genes (Figure 4). Similarly, the Clostridium
thermocellum pol-prim Chte02000285 is found in a potential
operon with genes encoding a family B DNA polymerase
(Figure 4). The primases of the plasmid-borne ColE2 Rep
and RepE/S families show associations with genes for
ParA-like ATPases of the MinD family and TnpR-like
resolvases (Figure 4). The MinD ATPase prevents aberrant
formation of the septum near the poles of the cell (82). Hence,
the plasmid-borne ParA protein might cooperate with the AEP
and the TnpR-like resolvase in coupling the partitioning of
these plasmids with DNA replication and chromosome resolu-
tion. In Methanosarcina, Methanococcoides and crenarchaea,
the AEPs are lodged in the ribosomal superoperon (80) and are
usually encoded next to the ribosomal proteins L44, S27 and
the translation initiation factor eIF2 (Figure 4), along with the
DNA replication clamp PCNA; functional implications of this
association are unclear beyond the possibility of a general,
higher-order regulation of essential housekeeping processes.
This gene neighborhood might be an atavistic feature in which
the primase remains associated with the original core replicon
of primordial cells.
The AEPs of the prim-pol proper family encoded by Low-
GC Gram-positive bacteria and their plasmids and bacterio-
phages (e.g. Streptococcus thermophilus bacteriophage Sﬁ21)
are encoded in a conserved gene neighborhood with an SFII
helicase (in addition to the D5-like helicase) and a small,
uncharacterized aþb protein (Sﬁ21-ORF124) (Figure 4).
This protein and several of its orthologs in the Gram-
positive phages contain a C-terminal region with high
sequence similarity to the characteristic tail motif, which
occurs C-terminal to the OB-fold in bacterial SSBs
(Figure 9). It has been shown that this C-terminal tail,
whichisenrichedinacidicresidues,interactswithcomponents
ofDNA repairandreplicationmachinery,suchasExonuclease
I, DNA glycosylase, the PriA helicase and the k subunit of
DNA pol III (83–86). Several residues are conserved across
the Sﬁ21-ORF124 family; of particular note are a conserved
aspartate preceding helix-1, a glutamate in strand 1 and two
acidic residues after strand 4. The conservation of these acidic
residues suggests the presence of a potential metal-
coordination site (Figure 9). The predicted secondary structure
of Sﬁ21-ORF124-like proteins includes a conserved core with
three of the strands arranged sequentially and ﬂanked by two
helices (Figure 9). This secondary structure pattern resembles
that of the RAD52-like proteins, which have a dsRNA-binding
domainfold,withacoreofthreestrands ﬂankedbytwohelices
(Figure9)(87).Previous analyses have shownthatmembersof
the RAD52 superfamily of ssDNA-binding proteins can be
extremely divergent in sequence and show functional equival-
ence to SSB in viral operons (65). Hence, these observations
suggest that members of the Sﬁ21-ORF124 family are novel
SSB proteins with a RAD52-like fold. These proteins are
likely to function in conjunction with the phage-encoded
AEPs by binding the ssDNA template at the primer initiation
sites.
Implications for the origins of DNA replication
The present analysis of the AEP superfamily, its evolutionary
diversiﬁcation and functional interactions in various cellular,
viral, transposon and plasmid replication systems, and the
apparent operational equivalence with the TOPRIM superfam-
ily primases has substantial implications for the origins of
DNA replication. In mechanistic terms, the monophyly of
the AEP-superfamily and the RCREs is a remarkable parallel
to the evolutionary history of the unrelated TOPRIM primases
(6,21,88). In both cases, the primase is evolutionarily
and structurally related to enzymes cleaving a DNA strand,
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DNA to an internal tyrosine residue in the protein (RCREs and
topoisomerases, respectively) (4,89).Both the primase activity
and the RCRE-/Topoisomerase-like nuclease activity, at a
fundamental level, are two different solutions to the priming
problem encountered by DNA polymerases. Thus, it seems
plausible that, in both cases, the ancestral protein was involved
in priming in a more generic fashion, whereas the descendent
proteins evolved distinct, speciﬁc activities. One possibility
is that the active tyrosine might have originally provided a
hydroxyl group for protein priming, and subsequently, a more
complex, polymerase or nuclease, activity was acquired by the
priming proteins. In light of this suggestion, the OBDs of
papovaviruses might be an offshoot from such an ancestor
where only the origin-binding function was retained without
any catalytic activity. The increase of the genome size appar-
ently favored the primase mechanism, as opposed to the RCR
mechanism; accordingly, the RCREs have been, largely,
excluded from the genomes of cellular life forms. However,
the topoisomerases, mainly drawn from the TOPRIM
superfamily, despite catalyzing reactions similar to those cata-
lyzed by the RCREs, were recruited for entirely different
functions, such as, control of DNA superstructure, which is
critical for large genomes. The prim-pol proteins have been
proposed to comprise evolutionary intermediates that acted as
both primases and DNA polymerases (25). Given that even the
cellular AEPs have a similar DNA polymerase activity (49),
this proposal appears plausible. However, if this were the case,
dedicated DNA polymerases clearly displaced the primases at
an early stage of evolution of larger replicons.
Atamorebasiclevel,theneedforprimersinDNAsynthesis
remains a largely unresolved problem. Almost all DNA poly-
merases, with extremely rare exceptions like the Mauriceville
plasmid reverse transcriptase (90), require a primer for DNA
synthesis. This requirement is seen across all classes of DNA
polymerases that are unrelated or only distantly related to each
other. In contrast, most known RNA polymerases, including
unrelated ones, do not seem to require priming. DNA poly-
merases evolved many different solutions to the priming prob-
lem rather than acquiring a primer-independent initiation
Figure 9. Multiple alignment of the putative RAD52-like domains encoded in the same predicted operons with prim-pols. The coloring scheme, consensus
abbreviations,secondarystructurerepresentationandspeciesabbreviationsareasinFigure2.Shortinsertsareshownwithareducedfontsize,whereaslongerinserts
are represented by the corresponding numbers of residues.
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that even the same fold was used in more than one way for
solving the priming problem. These observations suggest a
strong constraint against ‘invention’ of de novo initiation of
DNA synthesis which, perhaps, stems from fundamental
chemical differences between ribo- and deoxyribonucleotides,
rather than a frozen evolutionary accident. It is tempting to
speculate on the origin of priming in some more detail based
on the previously reported evolutionary relationships between
DNA polymerases and nucleotide cyclases (9,13,51). Even
though these protein folds also include RNA polymerases,
there seems to be a speciﬁc evolutionary relationship between
the respective DNA polymerases andnucleotide cyclases. This
suggests that the cyclases evolved from DNA polymerases
independently on multiple occasions. Combining this obser-
vation with the strict requirement for a primer, one might
speculate that DNA polymerases could be inefﬁcient in initi-
ating DNA synthesis due, at least in part, to the competing
futile reaction of 30!50 nucleotide cyclization while using
deoxyribonucleotides. Given the tendency of diverse, unre-
lated RNA polymerases to initiate de novo strand synthesis,
it seems likely that this problem does not arise with ribonuc-
leotides. This might explain the requirement for RNA primers
for the initiation of DNA replication. This speculation is
potentially testable through experimental demonstration of a
cyclization reaction catalyzed by DNA polymerases.
In terms of speciﬁc evolutionary scenarios, previous recon-
structions of the genome and the replication apparatus of the
LUCA suggested that LUCA had the ability to synthesize
DNA but certain key components of the replication apparatus,
including the replicative polymerase, were missing. The
apparent presence of DNA and RNAse HII, which removes
primers during DNA replication, in LUCA suggests that it had
a mechanism for priming DNA synthesis (18). However, the
phyletic patterns of the cellular members of the AEP super-
family do not seem to indicate that this enzyme was present in
LUCA. Although LUCA might have had a DnaG-like protein,
the association of the archaeal version of this enzyme with the
exosome makes it an unlikely candidate for the ancestral pri-
mase (20). A simple proposal made previously is that LUCA
employed a reverse transcription step for DNA synthesis and
might have accordingly used tRNAs as primers (18). An
alternative to this scenario is that the DNA replication system
of LUCA was a purely DNA-based system as in modern cells.
This proposal posited that the difference in the replication
systems of the bacterial and archaeo-eukaryotic branches of
life arose as a result of non-orthologous displacement of cer-
tain components, such as the primases and DNA polymerases,
by proteins of phage provenance (19,91). In principle, this
proposal is consistent with the discovery of AEPs and
DnaG-type primases in numerous viruses and, in particular,
with the presence of the primase small subunit–primase large
subunit–MCM combination in phages and plasmids
(21,60,88). Furthermore, the functional equivalence of the
two types of primases in viral replicons and evidence of mul-
tiple displacements indicate that different types of DNA rep-
licationcomponentsareextensivelymixed-and-matchedinthe
extra-chromosomal replicons. Nevertheless, there seem to be
arguments against such a scenario. In the present study, we
obtained indications that, both in eukaryotes and in proka-
ryotes, AEPs and other replication proteins were introduced
into the cellular genomes from viral or mobile extrachromo-
somal replicons on several independent occasions. However,
there is no evidence that Eukprim2 in eukaryotes or primases
of the AEP superfamily in bacteria ever displaced the main
replicative primase. The same observation holds true for the
DNA polymerases, DNA ligases, DNA clamps and replicative
helicases. Thus, the replication apparatus of cellular life forms
seems to be refractory to displacement from functionally equi-
valent exogenous proteins, presumably due to mutual ﬁne-
tuning of individual components.
It appears plausible that there were several independent
transitions to entirely DNA-based genomes via the transitional
genomes involving the reverse transcription step. These par-
allel systems probably possessed different degrees of com-
plexity, and certain viral and plasmid replicons might be
models for the simpler systems that emerged in this period.
While multiple non-orthologous displacements probably
occurred in these DNA replication systems early on, after a
certain level of complexity was reached in some of them,
further displacements seem to have become unlikely if not
altogether prohibited. Two of these systems acquired consid-
erable complexity and became the precursors of the two prin-
cipal cellular systems observed today.
General conclusions
Our studyof the AEP superfamily greatly expanded the known
diversity of AEPs and related proteins and revealed the unique
active site shared by all members of this superfamily. Using
contextual information provided by domain architectures and
genome contexts of members of the AEP superfamily, we
gleaned information regarding their functional associations
with other conserved modules in the replication system. An
interesting outcome of this investigation is the discovery of
multiple, independent associations of members of the AEP
superfamily with a variety of distinct ATPases that
appear to function as helicases in replication initiation. Fur-
thermore, we provide evidence for repeated in situ displace-
ment of DnaG and AEP primase by each other in the context of
the same polypeptide or operon. The discovery of the putative
primases of the NCLDV class of viruses, the uniﬁcation of
these with the catalytic domain of the herpesvirus primases
and prediction of the complete set of residues comprising the
catalytic site of the latter seem to be of considerable import-
ance. These ﬁndings might help in understanding unexplored
aspects of the replication of these viruses and solving the long-
standing mystery of the priming of their DNA replication. The
discovery of the previously unnoticed, conserved eukaryotic
AEPs related to the viral primases suggests the existence of
novel DNA repair pathways. Similarly, the identiﬁcation of
potential primase-coding transposons points to a novel trans-
position mechanism. Experimental investigation of these sys-
tems has the potential of opening new vistas in the
understanding of the crucial processes of DNA replication
and repair.
SUPPLEMENTARY MATERIAL
A list of gis of all members of the AEP superfamily will be
made available at ftp://ftp.ncbi.nih.gov/pub/aravind/.
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